Obesity is the accumulation of excess body fat and the hallmark of type II diabetes mellitus, characterized by hyperglycemia. Glycemic control is very critical to reduce long-term vascular complications resulting from the progressive nature of hyperglycemia. In previous studies, thermally reduced graphene oxide (rGO)-based hydrogel biocomposites were prepared and in vitro drug release studies confirmed their potential as a biodegradable-targeted drug delivery system. Thus, the in vitro biological evaluation of these rGO-based hydrogels was investigated. The hydrogels were encapsulated with chloroquine diphosphate (CQ) and proguanil (P) drugs to investigate potential of combination therapy. The non-toxic nature of the hydrogels was investigated by the use of the MTT assay against 3T3-L1 and c2c12 cell lines. 3T3-L1 pre-adipocytes were grown, differentiated and treated with the drug-encapsulated hydrogels to detect the effect on the adipose tissue cells by quantitative real-time polymerase chain reaction (qPCR) identifying gene expression levels by utilizing gene markers specific for diabetes and obesity: cpt-1, glut-4, acc1, pgc-1, mef2a and nrf-1 with comparison to positive control metformin. The cytoxicity studies confirmed non-toxic nature of the hydrogels; identified dosage of drugs encapsulated were effective within investigated treatment time and qPCR revealed an upregulation of CPT-1, GLUT-4, PGC-1, MEF2A and NRF-1 marker genes, but a downregulation of ACC-1 marker gene. The results from the expression of investigated genes suggest the anti-obesity potential of drugs released from the hydrogels. There were identified positive effects employing combination therapy, but further studies are required to ascertain the actual effect of the drugs in combination, by further varying the ratios of drugs (instead of the presented 1:1 ratio) employed. Statistically, the results from the individual drug release treatments were not significantly different from positive control metformin treatments, but the combination therapy investigation showed more promise.
Introduction
In recent times, drug delivery systems are made of natural components, or synthetic materials, such as: carbon nanotubes, silica nanostructures, synthetic hydroxyapatite beads and polyelectrolyte microcapsules gaining significant importance due to their potential benefits in numerous cell-based therapies, tissue engineering techniques, lenses manufacture, cancer therapy, diabetic therapy and drug delivery [1] [2] [3] [4] [5] [6] [7] . Hydrogels are of particular interest for drug delivery applications due to their ability to address targeted drug delivery, in addition to their good biocompatibility, tunable network structure needed to control the diffusion of drugs and their ability to imbibe drugs within their mesh network structure [8] [9] [10] . Graphene oxide (GO) has gained popularity for its biomedical advancements [11, 12] . The π structure of graphene enables its interaction with hydrophobic drugs and these features make graphene materials ideal drug carriers, especially for hydrophobic drugs [13] [14] [15] [16] .
As a result of challenges with targeting causative substances using single drug molecules, combination of different drugs has been administered optimally and at different periods of the treatment [17] [18] [19] . Until recently, limited researches on dual drug delivery systems have so far provided positive results [5, [20] [21] [22] .
Obesity is the accumulation of excess body fat and a prelude to type II diabetes mellitus (T2DM), a number of cardiovascular conditions: stroke, hypertension and certain forms of cancer [23] . Diabetes has become an ever increasing problem of pandemic proportions globally, with 425 million people estimated to be living presently with the condition, it is envisaged to increase by 55% by the year 2035 [24] . Diabetes is a heterogeneous endocrine disorder that is associated with hyperglycemia and there are two main types known, namely: type I diabetes mellitus and T2DM. Literature has shown that excessive lipid levels and their oxidation appear to play a major role in the development of insulin resistance and non-insulin-dependent diabetes (T2DM) [25, 26] .
It has also been established that there is a link between the development of insulin resistance and pathogenesis of T2DM [27] . Physical inactivity, tissue inflammation, endoplasmic reticulum stress (ER-stress) in β-cells, oxidative stress, tissue lipid accumulation, aging, obesity and β-cell dysfunction are some of the factors known to be linked to insulin resistance which can progress to T2DM [28] . Oxidative stress and/or pro-inflammatory mediators are/is the most significant factor(s) [29] . The production of excess endogenous oxidative species causes oxidative stress, which can manipulate signaling pathways and damage cells [30, 31] . Therefore, the inhibition of oxidation stress aids in the management of insulin resistance and diabetes [32] . Insulin resistance and T2DM can be induced by pro-inflammatory mediators through stimulation of metabolic and/or various transcriptional mediated molecular pathways and oxidative stress [27] . Some studies have focused on oxidative stress mediators, notably pro-inflammatory cytokines such as adipocytokines, chemokines, tumor necrosis factor-alpha (TNF-α), interleukin-6 (IL-6) and interleukin-1 beta (IL-1β) epigenetic factors, glucolipotoxicity, various transcriptional and metabolic pathways for the management of T2DM [33] [34] [35] [36] [37] . Metabolic pathways involving the regulation of lipids and carbohydrates depend on mitochondrial genes; similarly, glucose and fatty acids modulate the expression levels of a number of genes encoding metabolic enzymes in variety of cell types [38] . Thus, the insulin signaling pathway can be influenced and investigated by so many mediators and intermediates, such as: adenosine monophosphate-activated protein kinase (AMPK), carnitine palmitoyl transferase (CPT-1), acetyl-coenzyme A carboxylase (ACC-1) and peroxisome proliferator-activated receptor gamma co-activator 1 (PGC-1) [39] . Target genes responsible for fatty acids metabolism can help in the determination of candidate genes that can be potentially responsible for the alterations in insulin resistance and subsequently aid in the management of T2DM.
We recently reported on the in vitro release kinetics of antimalarials from whey protein-based hydrogel biocomposites containing whey protein isolate (WPI), reduced graphene oxide (rGO), and synthetic polymers in varied ratios [13] , with suggestions that these rGO-containing hydrogels are pH sensitive and biodegradable for controlled release of bioactive agents.
This paper investigates the potential of these previously designed hydrogels to act as effective drug carriers to exploit combination therapy towards better management of T2DM. The prepared hydrogel biocomposites [13] were firstly subjected to toxicity analysis using the MTT assay and their drug release effects on target gene markers indicative of diabetes and obesity were investigated and recorded. In vitro release from drug loaded hydrogel biocomposite on 3T3-L1 adipocytes were performed. Comparison tests with positive control metformin and non-treated control were conducted, with impact on gene markers for diabetes and obesity recorded accordingly using the quantitative real-time polymerase chain reaction (qPCR).
Experimental

Materials
Hydrogel biocomposites prepared from previous work [13] , metformin, streptomycin proguanil hydrochloride (P), and chloroquine diphosphate (CQ) salt powders were purchased from Sigma Aldrich, South Africa. All cell culture reagents were purchased from Sigma-Aldrich (Pty) Ltd. (Johannesburg, RSA), qPCR reagents were purchased from Life Technologies, South Africa, while RNA clean concentrator-25 kit and 3T3-L1 adipocytes cell lines were purchased from Inqaba Biotechnical Industries, South Africa. MTT assay kit was supplied by Sigma Aldrich (Darmstadt, Germany).
Drug encapsulation
Drugs were loaded onto the previously designed hydrogel (GW3) containing both WPI (0.05 g) and rGO (0.007 g) according to our previous work, Table 1 [23] . Metformin, P and CQ were dissolved in distilled water and filtered into separate vials according to Table 2 . Hydrogels (20 mg) were soaked separately in each individual drug solution overnight at ambient temperature. The hydrogels were then rinsed with distilled water to get rid of any excess drug present on the surface of the hydrogels, and allowed to dry at ambient temperature for 5 days. The percentage encapsulation efficiency of CQ and P onto the hydrogels was determined spectrophotometrically.
Cell growth
Frozen cells were removed from − 80 °C, thawed at 37 °C and grown for 1 week in 10-mL culturing media, growth medium (90% Dulbecco's Modified Eagle's medium (DMEM), 10% Fetal calf serum FSC and 1% streptomycin) at 37 °C in 95% humidity with 5% CO 2 . Thereafter, cells were split, using the following procedure:
Growth media, Phosphate-buffered saline (PBS) and Trypsin were pre-heated at 37 °C, media were decanted and plates were washed with PBS. One microliter of trypsin was then added to each plate and incubated for 5 min at 37 °C. Five microliters of media was then added to plates and transferred cells to centrifuge tubes. Cells were then centrifuged at 2000 rpm for 3 min. Media were decanted and appropriate amount of media was added depending on number of plates and pellet was re-suspended. One microliter of cells was transferred to each plate together with 9 mL of growth media and incubated at 37 °C in 95% Humidity with 5% CO 2 ( Fig. 1) . After cell growth, cells were allowed to differentiate in 97% humidity in DMEM, 1% streptomycin and 2% Horse Serum (HS) for 1 week (Fig. 2) .
Cytotoxicity studies
An in vitro cytotoxicity study was performed on 3T3-L1 and c2c12 cell lines using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay to assess biological safety of hydrogel. The cells were grown for 48 h and differentiated for 72 h in 96-well plates in complete media without antibiotics. After the cells were differentiated to allow for the expression of the required phenotypic characteristics, the cells were treated using the plain hydrogels to ascertain possible toxicity to the cells. The treatments were performed in triplicates, with ~ 2.0-mg gels and for a 72-h time period. The dose(s) of drugs for the MTT assay was(were) established by performing preliminary studies, explained in the results section with varying doses of drugs as shown in Table 2 . The viability of the cells was quantified Table 1 Hydrogel design adapted from [23] Hydrogel WPI (g) MBA (65 mM) (mL) 
Quantitative real-time polymerase chain reaction (qPCR)
The qPCR was used to identify the expression of genes after treatment and spicing the cells. After treatment, a 4-h incubation with un-supplement DMEM was performed, 1 mL of QIAzol lysis reagent was added to each plate of cells and the cells were spliced and transferred to Eppendorfs, followed by a 5-min incubation on ice. RNA was then extracted and isolated as instructed by RNA clean and Concentrator-25 Kit; this consisted of the following procedure: Cells were centrifuged at 12,000×g for 15 min at 4 °C, cells were decanted into a new tube and 110 µL of chloroform was added to each tube. Cells were then vortexed for few seconds and incubated on ice for 3 min, followed by a 15-min centrifugation at 12,000×g and 4 °C. Upper aqueous solution was transferred to a 2-mL centrifuge tube (500 µL) and topped up to a final volume of 2 mL with RNA binding buffer. The solution was then split into two by removing and transferring 1 mL of solution to a new tube, 1 mL of ethanol was then added and vortexed. One microliter of solution was transferred to a collection tube and centrifuged for 1 min at 12,000×g, 4 °C (step was repeated 4 times) and flow through was discarded.
The sample was then washed with 400-µL wash buffer, centrifuged at 12,000×g for 30 s (flow through was discarded). Five microliters of DNase, 5-µL DNase reaction buffer and 40-µL wash buffer were then added and sample was incubated at 37 °C for 30 min. Four hundred microliters of RNA prep buffer was then added and centrifuged at 12,000×g for 1 min; flow through was discarded and followed by the addition of 800 µL wash buffer and centrifuged at 12,000×g for 30 s. The wash step was repeated with 400-µL wash buffer and flow through was discarded. Emptied Column was then centrifuged at 12,000×g for 2 min and transferred to a new tube to which 40 µL of DEPC water was added and left to stand for 1 min at room temperature and followed by centrifugation at 10,000×g for 30 s. Nanodrop 1000 was then performed with each of the sample using 1.5 µL of sample to determine RNA concentration.
RNA integrity was tested by performing DNA agarose gel electrophoresis with a 1% Agarose gel dissolved in 100 mL of 10× TBE buffer (108-g Tris, 55-g Boric acid and 40-mL 0.5 M EDTA dissolved in 1 M NaOH for 1 L, pH 8.3). Once the gel was cooled, 5 µL of GR Green was added to the gel and the gel was poured and left to set. Samples were prepared using 1-µg RNA (treated sample), 2-µL loading buffer and topped up with DEPC water, to a final volume of 10 µL. 5 µL of Hyperladder I and samples were loaded and the gel was run at 90 V for 1 h with TBE buffer. RNA Integrity was then evaluated and photographed with Chemidoc TMMP.
Complimentary DNA (c-DNA) was prepared by the addition of 1-µL oligo(dT), 1-µL Random Hexamer and 1-µL dNTP (10 mM) to 3-µg mRNA and made to a final volume of 13 µL with DEPC water. Samples were then spun down and incubated at 65 °C for 5 min, followed by 1 min incubation on ice. To each sample, 4 µL of 5× First-strand buffer, 1 µL DTT (0.1 M) and 1 µL Superscript was added; samples were then spun down and followed by incubations for 5 min at 25 °C, 60 min at 55 °C and 15 min at 70 °C. qPCR was performed and the reaction mix used for this procedure is indicated in Table 3 . A master mix was prepared according to Table 3 for each gene, depending on the amount of samples and 17.4 µL of reaction mixture was added to each, together with 2.6 µL of appropriate template, for non-template control 2.6 µL of Milli-Q water was added, and for standards 2.6 µL of each dilution was added to make up the standards. 10-µM primers were prepared from 100-µM primer stock and standards were prepared with a serial dilution 1×-10,000×, whereby 1× was prepared by the combination of 2 µL of each template.
qPCR was performed in triplicate, using BIO-RAD CFX Connect Real-Time System PCR machine by employing SensiMix SYBER No-ROX kit, according to cycle conditions in Table 4 and forward and reverse primers were used for the process, according to Table 5 to amplify the mouse genes; CPT-1, ACC-1, NRF-1, MEF2A, GLUT4 and PGC-1, with actin as reference gene.
Treatment of cells
After the cells were differentiated to express the required phenotype, the cells were treated. A preliminary study to assist and evaluate the feasibility, time, adverse events of the experiment using a single gene to allow for possible improvements upon the study design prior to investigating other genes was performed. This pilot study was initiated to identify the optimum concentration of drug required to effectively treat the cells and then, a time-dependent study was performed to identify the optimum time duration for the treatments. Both preliminary/pilot studies employed positive control metformin treatments (2 ng/mL) and untreated negative controls.
To this effect, the initial efficacy of the treatment was investigated by its influence on the expression of the CPT-1 gene marker only, by recording the expression ratio in comparison to the controls for each treatment. These were achieved by:
Identification of optimum drug concentration pilot study
This study was performed to ascertain the most effective concentration of the drugs for treatment, the treatment concentration that showed significant beneficial effects when compared to control treatments. The cells were grown for about 1 week in 10-mL culturing media, differentiation followed accordingly as described in the previous section. The differentiated cells were treated by inserting each hydrogel loaded with drugs according to Table 2 into day 6 or 7 differentiated cells and left to stay; after 24 h, the gels were removed and the cells were spliced for the identification of levels of cpt-1 gene expressed and compared to control treatments.
Time-dependent pilot study
The time-dependent study was performed to establish the optimal timespan for the cell treatment enough to induce optimal CPT-1 gene expression in vitro. To achieve this, the cells were grown and differentiated as explained in previous sections (Figs. 1, 2) showing the cells viewed under the light microscope. This was followed by the treatment with Forward 5′-GTG TAC TCA GCA ATG CCG AC-3′ Reverse 5′-ACC CCT GAG ATA ACT GCC CTC-3′ GLUT4 Forward 5′-AAG ATG GCC ACG GAG AGA G-3′ Reverse 5′-GTG GGT TGT GGC AGT GAG TC-3′ PGC-1 Forward 5′-CAT TTG ATG CAC TGA CAG ATGGA-3′ Reverse 5′-CCG TCA GGC ATG GAG GAA -3′ NRF-1 Forward 5′-ATG GAG GAA CAC GGA GTG AC-3′ Reverse 5-GCT TTT TGG GAC AGT GAA AT-3′ CPT-1 Forward 5′-CCA GGC TAC AGT GGG ACA TT-3′ Reverse 5′-GAA CTT GCC CAT GTC CTT GT-3′ the drug encompassed (Table 2 ) within the carrier vehicle for a maximum of 72 h, and compared to control treatments.
Evaluation of polymeric hydrogels as effective anti-obesity drug carriers
Hydrogels loaded with drugs according to Table 2 were investigated for their effect on specific marker gene expression related to anti-obesity on 3T3-L1 pre-adipocytes cell lines, using quantitative real-time PCR (qPCR). The optimal concentration and time identified by the pilot studies were employed in the identification of the expression of marker genes in relation to treatment with P and CQ drugs when compared with that of the controls. Additionally, the effect of combining both drugs together (P and CQ incorporated within gels in 1:1 ratio combination), a form of combined therapy was also investigated in order to recognize the effect on the cell lines.
Statistical analysis
One-way analysis of variance was used to determine statistical significance. The results are expressed as means ± the standard error of the mean. p values < 0.05 were considered statistically significant. All statistical analysis was performed using Graph Pad prism software version 6.0 (GraphPad Software, Inc., La Jolla, CA, USA).
Results
Cell growth
The growth of the 3T3-L1 cell lines was viewed under a phase contrast light microscope, as shown in Fig. 1a 4-day cell growth and 
Cytotoxicity tests
The hydrogels were shown to exhibit non-toxic properties to both the 3T3-L1 and c2c12 cell lines. Percentage cell viability after the treatments using MTT assay was > 85% across both cell lines triplicate studies (Fig. 3) . There was no significant effect of the hydrogels on the percentage cell survival against both cell lines used in the study in comparison to control treatments.
Treatment of cells
Identification of optimum drug concentration revealed P4 (80 ng) to have the most significant effect, with more than tenfold increase recorded, while CQ3 (60 ng) showed an increase in cpt-1 gene expression of more than eightfold compared to untreated control (Fig. 4) . The time-dependent pilot study showed P4 performed optimally at 48 h with about onefold increase and CQ3 at 72 h revealing about twofold increase compared to the non-treated control. There was a gradual increase in cpt-1 gene expression on treatment with P, but at 48 h, this expression was found to decline as seen at the 72 h. However with CQ, the expression of the cpt-1 gene increases continuously till an optimum time at 72 h (Fig. 5) .
Evaluation of polymeric hydrogels as anti-obesity agents
Mature adipocytes were treated with P for 48 h and CQ for 72 h, adapted from the pilot study findings. The treatment with combination of both drugs was for 60 h, as the optimum time of action of drug P was hypothesized to be ~ 60 h and these results are reported in terms of expression ratio and the average of both optimal timestamps was ~ 60 h. Thus, for all investigations, P (80 ng), CQ (60 ng) and CQP (80 ng P + 60 ng CQ) were utilized to identify the drug treatments as potential anti-obesity agents.
Carnitine palmitoyl transferase (CPT-1) After cell diferentiation, the assessment of CPT-1 after the treatment of 3T3-L1 with drug P, CQ and combination of CQP was investigated ( Fig. 6.1 ). This shows ~ 0.5 fold increase for drug P, while ~onefold increase was observed for CQ when compared to untreated control. For both P and CQ, metformin performed better, with upregulation of ~ 1.5 folds compared to untreated control. The combination CQP showed the best upregulation fold increase ~ sixfold when compared to the untreated control, but ~ threefold when compared to positive control metformin.
Proliferator-activated receptor gamma coactivator 1(PGC-1) Figure 6 .2 reveals both drugs representing positive expression of the PGC-1 gene, but in combination, the expression level drops. P shows a ~ onefold increase, while CQ shows a ~ twofold increase when compared to metformin. But in combination (CQP), this increase becomes relatively insignificant in comparison to positive treatment metformin.
Nuclear respiratory factor 1 (NRF1) Results from Fig. 6.3 show that the expression of NRF-1 gene is not significant in the treatment with the drugs individually, but in combination (CQP), there is ~ onefold increase when compared to positive control metformin, but ~ threefold increase when compared to untreated control.
Myocyte enhancing transcription factor (MEF2A)
The expression of MEF2A showed that there is no substantial difference in the expression of the drugs (Fig. 6.4) . However, drug CQ is most significant with ~ onefold increase when compared to the positive control metformin. Figure 6 .5 revealed the upregulation of the expression of glucose transporter gene (GLUT-4) after treatment, with the most significant fold increase of 2.5 by CQ compared to untreated control, onefold increase by P, and ~ 1.5-fold increase by CQP and metformin.
Glucose transporter (GLUT4)
Acetyl CoA carboxylase (ACC-1)
The expression investigated after treatment revealed in Fig. 6 .6, the downregulation of ACC-1 gene and it was observed most significantly with the treatment CQ with ~ 0.5-fold decrease when compared to the untreated control and metformin.
Discussions
During cell growth, the lipid droplets forming in the early days of cell growth of the pre-adipocytes were evident and became more widespread as the number of cells increased with more lipid droplets forming (Figs. 1, 2) . The welldefined network of cells can be appreciated as the cells were differentiated ad lipid droplets formed. The cytotoxicity study confirmed that the plain hydrogels had no toxic effect on the growth and differentiation of both 3T3-L1 and c2c12 cell lines in vitro, with the high percentage survival of the cells with the hydrogels present within their media for up to 72 h. The pilot studies revealed the optimum concentration of action on sample gene marker CPT-1 to be P4 (80 ng) and CQ3 (60 ng); while the optimum timespan for release from the polymer hydrogels loaded was P4 (48 h) and CQ3 (72 h). With regards to this experiment, the hypothesized time for the combined therapy CQP was deemed to be the average 60 h.
Carnitine palmitoyl transferase (CPT)-1 encoded by cpt-1 gene controls the rate-limiting step in the mitochondrial lipid oxidation. Reports have shown that the upregulation of CPT-1 can result in increased oxidative capacity of the mitochondria by reducing lipid accumulation and obesity [42] [43] [44] [45] . Impairment of this oxidation has been associated with diabetes and obesity. Thus, the reported upregulation by all the treatments is encouraging, but the level highlighted by CQP is excellent, as it about double that of metformin treatment, the existing treatment standard. PGC-1 is the transcription co-activator that interacts with a broad range of transcription factors that are involved in a wide variety of biological responses including adaptive thermogenesis, mitochondrial biogenesis, glucose and fatty acid metabolism, fiber-type switching in skeletal muscle and heart development. Literature reveals that expression of PGC-1 is down-regulated in muscles of type 2 diabetic subjects [43, 44] ; hence, its upregulation after treatment shows a trend towards management of the diseased condition. The upregulation observed in all treatments is highlighted with CQ treatment, having the highest fold of expression, but when combined with PQ, the combination seems to have a negative effect on the treatment, leaving CQP treatment having about the same effect as metformin treatments. Nuclear respiratory factor 1 (NRF1) serves as a transcription factor that activates the expression of a wide range of nuclear genes essential for mitochondrial biogenesis and function [46] . Majority of lipid metabolism especially oxidation takes place in the mitochondria, an organelle regulated by the NRF-1, as such it controls and regulates most of these genes involved in lipid oxidation, e.g., CPT-1. The upregulation of NRF-1 is expected of effective T2DM treatments and this is observed most effectively in CQP treatment, with more than threefold increase in expression levels compared to untreated control and considerably better expressed than metformin. The mef2a isoform is responsible for GLUT4 upregulation under certain conditions [47, 48] . It has been identified that the MEF2A regulates the GLUT-4 gene encoded by MEF2A gene, which binds to its cis-elements as a hetero-dimer (MEF2A/D) resulting in GLUT-4 expression [47, 48] . Hence, as indicated by [33] , the downregulation of GLUT-4 will also result into a downregulation of MEF2A and invariably be associated with diabetes. The upregulation of MEF2A is evident from the results; although when compared to the previous genes, it is the lowest level that has been observed. CQ treatment is expressed the most, but metformin and CQP treatments are almost on the same level, but these show that the treatment was effective.
GLUT-4, a glucose transporter from a compartment within the cell to plasma membrane performs glucose transportation, utilization and glucose homeostasis in the muscle and adipose tissue. It has been indicated that a downregulation of Glut-4 gene expression present in adipocytes can be associated with diabetes [49] . Its upregulation confirms effective treatment of T2DM, and this is observed by all the treatments, although P treatment was the least effective, CQ treatment was observed to be expressed ~ twofold higher than untreated control and ~ 1 more than metformin treatment. The combined treatment had levels of expression closely to that of the metformin treatment. Acetyl CoA carboxylase encoded by ACC-1 gene catalyzes lipid synthesis. It is important to mention that fat synthesis which may lead to obesity and insulin resistance blocks glucose transport by GLUT4 in insulin resistance cases and lipid accumulation through the action of ACC may lead to the accumulation of lipid species like ceramide, long chain fatty acids which inhibits GLUT4 translocation. ACC which catalyzes fat synthesis opposes the action of CPT-1 enzymes for fat Oxidation. Both glucose transport and lipids occurs in parallel hence GLUT4 as a transporter of glucose will go hand in hand with lipid as both are energy sources for ATP generation. Therefore, controls of lipid metabolism and glucose are mutually exclusive and have close relationship. Hence, the desire is for effective transportation of glucose happening together with fat oxidation through CPT-1. However, this can be inhibited by the action of ACC resulting in unwanted fat synthesis in the cytosol as both glucose and lipid are together broken down in the mitochondria to produce ATP but ACC can inhibit this action.
Reports have shown that the downregulation of ACC-1 can result in increased oxidative capacity of the mitochondria by reducing lipid accumulation and obesity [42] [43] [44] . Thus, downregulation of this gene is indication of effective treatment of T2DM. CQ treatment was reportedly the most effective in the ACC-1 gene expression; this was closely followed by P treatment and metformin treatments. The combined CQP treatment was the least effective on the ACC-1 gene expression and it could be a condition where the effect of combining both drugs did not have a synergistic effect on the treatment. These findings confirm the possibility of CQ as an anti-obesity drug, which has been reported by other researchers [50] , but the known side-effect, makes its use to be shunned.
Conclusion
The aim of this research was to confirm the non-toxic nature of prepared polymer hydrogels and utilize them to deliver antimalarials, a form of combined therapy, for the investigation of alleviation of obesity using 3T3-L1 cell lines. The effectiveness of each treatment was identified in vitro in comparison to positive control metformin, using qPCR, gene markers specific for diabetes and obesity: CPT-1, GLUT-4, ACC1, PGC-1, MEF2A and NRF-1 gene expression ratios were recorded and compared.
In vitro cytotoxicity studies were performed with the already prepared hydrogel biocomposites on mature 3T3-L1 and c2c12 cells using the MTT assay kit with no significant toxicity to the cells recorded. The marker genes expression ratios were in line with literature; CPT-1 gene expression ratio was high when treated with combination CQP, PGC-1 gene showed CQ treatment as the drug composition with superior effect, NRF-1 gene expression was found to be the most significant with the combination drug (CQP) when compared to metformin, MEF2A gene showed the highest expression ratio with CQ drug, while the downregulation of ACC-1 gene was the most efficient with treatment by CQ drug. It is known that CQ in the past used to be used for the treatment of diabetes, but as a result of the possibility of hypoglycaemia during its usage, its usage has been limited.
In summary, the effect of combination therapy was found to have a marked effect on the expression levels in some of the marker genes; while in some others, the influence of drug P lowered the expression levels. It was observed that there are positive effects when combination therapy is employed, but further studies will be required to ascertain the actual effect of the drugs in combination, by possibly varying increasing the ratios of drugs (instead of the present 1:1 ratio) employed to further perform investigations.
